N'eying blood into the pulmonary circulation, these anastomoses can cause the output of the left ventricle to exceed that of the right. [23] [24] [25] [26] [27] [28] [29] Thus, if the outputs of the ventricles are individually measured, the anastonotic flow can be calculated as the difference between the two. This procedure will obviously not account for the entire bronchial circulation. It will, however, estimate that portion thought to show the largest increase il disease.
The first purpose of this paper is to describe a method for estimating the individual outputs of the ventricles when the flow from the left is larger than that from the right. This method, based on the Stewart-Hamilton dilution principle, entails injecting T-1824 dye into the venous circulation and inseribing simultaneous dilution eurves from the pulmonary and brachial arteries. Earlier studies established the feasibility of this approach for estimating the output of the right ventricle in normal subjects. 30 3' In the present study, the use of this principle for measuring anastomotie flow was first validated in models, From Supported by research grant H-2001-C from the National Heart Institute, National Institutes of Healtlh, U. S. Public Health Service. 390 then applied to patients in whom such flow was thought to exist.
The second purpose is to consider the effect of these anastomoses on the conventional Fick calculation of cardiac output. When the flows from the two ventricles are unequal, the Fick equation, yielding a single number, can obviously not measure both.a2
Methods

Validation of the Method in Models
The models used to validate the method are sketched in figure 1 . Each comprised three beadfilled chambers with volumes approximating, respectively, those of the right heart, the pulmonary vessels, and the left heart. Centrifugal pumps perfused the chambers with water. Model A was designed to investigate whether dilution curves would measure the individual outputs of the ventricles when the output of the left exceeded that of the right by a known amount of extra flow. To eliminate the effect of recirculation of dye into the pulmonary vessels, the extra flow was delivered by an auxiliary channel equipped with a valve. In each experiment dye was injected into the vena cava, and dilution curves were drawn simultaneously from the pulmonary and brachial arteries. The procedure was repeated with the valve set at from five to 10 different positions.
Model B was similar to A except that the extra flow was derived from the aorta and was recirculated into the pulmonary vessels through a channel of adjustable length. This arrangement afforded an opportunity for studying the effect of recirculation on the brachial arterial dye curve. In each experiment dye was injected and curves were drawn as in the studies with the first model. The Fecirculation channel Figure 1 Schematic drawcings of the models used to validate the method. R. P, and L are bead-filled chambers representing, respe(,tively, the vascular volumes of the right heart, the lungs, and the left heart. 
Results
Experiments in Models
The results obtained with Model A demonstrated that the method gave an estimate of the output of each ventricle that corresponded closely to the actual flow. Table 1 cal importance. If the channel were too short, dye re-entered the pulmonary vessels rapidly and interfered with the downslope of the brachial arterial curve. This had the expected effect of reducing the calculated output of the left ventricle, and thus underestimating the flow through the bronchial-pulmonary anastomosis. Provided the channel of recirculation was long enough to prevent such contamination, however, the estimates of the individual ventricular outputs were as satisfactory as those obtained with Model A.
Studies in Human Subjects
Three comparisons of the dilution flows from the two ventricles were obtained in nine subjects, two in 15, and one in three. These results are presented in table 2 and are depicted graphically in figure 2.
In the normal subjects the output of the left ventricle was, on the average, 0.9 per cent larger than that of the right. Considerable variation was observed, however, in the individual patients. The largest discrepancy (subject A.C.) was 23 per cent.
In the patients with bronchiectasis, the average difference between the outputs was 9.7 per cent, a difference that would have Circulation, Volume XXIII, March 1961 occurred by chance less frequently than 1 in 50 times (t = 2.56; D.F. = 41; 0.02>P>0.01). This statistic must be interpreted with caution, however, because the data are weighted by the fact that the same number of runs were not completed in each case.
Two series of measurements were completed in the patient with the ligated pulmonary artery. In both, the output of the left ventricle exceeded that of the right by approximately 20 per cent.
In the patients with advanced pulmonary tuberculosis, the output of the left ventricle was on the average 2.9 per cent larger than that of the right. This figure was not significantly different from the average obtained in the normal subjects (t = .586; D.F. = 32; P>.50).
The agreement of the Fick flow with that calculated from each of the dye curves is depicted for all four groups of subjects in figures 3, 4, and 5. In the normal subjects and the patients with tuberculosis, the Fick results agreed satisfactorily with either ventricular flow. But in the patients with bronchiectasis and the woman with the ligated pulmonary artery, the Fick figures agreed best with the output of the right ventricle.
Discussion
In contrast to the large number of studies carried out in animals, only a few attempts have been made to estimate the volume of blood carried by the bronchial vessels in man. Bing, Vandam, and Gray23-25 estimated the flow entering the precapillary segments of the pulmonary vessels in patients with congenital heart defects. For this purpose they applied a modified version of the Fick principle. Gray, Lurie, and Whittemore26 employed a similar approach in patients with chronic pulmonary disorders. Madoff, Gaensler, and Streider,27 using the bronchospirometric method devised by Bloomer and his colleagues29 for studying animals, estimated the precapillary flow into the pulmonary vessels of the right lung in a patient with congenital aplasia of the right pulmonary artery. More recently, Fishman, Turino, Brandfonbrener, and Himmelstein28
Circulation, Volume employed bronchospirometry in combination with occlusion of one branch of the pulmonary artery to assess the precapillary contribution of the bronchial vessels in patients with either congenital heart defects or pulmonary disease. An earlier report32 from this laboratory described the application of the indicator-dilution method to the estimation of anastomotic flow, presented the results obtained in patients with pulmonary disorders, and discussed the importance of this flow on the value of cardiac output calculated by the direct Fick equation. Subsequently, Cudkowicz and his co-workers36 substituted radioactive iodine for dye, studied similar groups of patients, and obtained comparable results. The validity of the present method rests on three major assumptions: (1) that the accuracy of the technic is sufficient to measure the quantities involved; (2) that the circulation times through the bronchial-pulmonary anastomoses are sufficiently long to prevent contamination of the downslope of the brachial arterial curve with recirculated dye; and (3) that the direction of flow through the anastomoses is from the bronchial vessels into the pulmonary bed.
The importance of the first of these three questions is emphasized by the results in the Schema of the normal pulmonary circulation in which bronchial-pulmonary anastomoses are unimportant. The symbols are defined in the text.
The third assumption concerns the direction of flow through the anastomoses. Others,23-29 using variations of the Fick principle, have adduced evidence that blood flows through the anastomoses into the pulmonary vessels, and, although the dilution technic involves a difierent principle, our results are similar to those that they obtained. While evidence for a reversal of flow has been recorded in certain patients,37 the pressure relationships in the systemic and pulmonary circulations suggest that such a reversal would be exceptional.
All three of these reservations about methodology appear to have been unimportant in the comparison: of the group of normal subjects with the group of patients with bronchiectasis. Here the results show an increase in the estimated flow through the bronchialpulmonary anastomoses which appears unlikely to have arisen by chance. It is in this group of patients that the presence of such anastomoses would be particularly expected. Further confirmation that such shunts existed is provided by the measurements made in one of our subjects (P.W.), who had severe unilateral bronchiectasis. After pneumonectomy he exhibited a reduction in the calculated anastomotic flow (table 3) . Ligation of the pulmonary artery has also been shown to cause bronchial-pulmonary anastomoses to develop both in man27 [38] [39] [40] [41] [42] and in animals, 29' 43-46 and in the woman with the ligated vessel, the results suggested an anastomotic shunt. Pulmonary tuberculosis is not a disease in which such anastomoses invariably develop, Circulation, Volume XXIII, March 1961 and again our observations are consistent with the known morbid anatomy. 19 It remains to consider the relationship of these observations to the value of pulmonary blood flow provided by the Fick calculation. A formal treatment of this relation has been published previously.32 In brief, the normal pulmonary circulation can be represented by the schema shown in figure 6 , and the relation between the three streams of oxygen may be expressed as shown below: Vo2 = Q C -Q (1) where . Vw 2 = average rate of oxygen uptake Equation (4), which holds whether the bronchial-pulmonary anastomoses occur at precapillary, capillary, or posteapillary levels, indicates that the Fick calculation repre- In these two groups the dilution flow from the left ventricle was larger than the Fick value in five of 16 measurements, suggesting that the concentration of oxygen in the blood flowing through the anastomoses must have been close to that in the systemic arterial blood. Once again this is in keeping with observations of the morbid anatomy, since the anastomoses appear to arise from the bronchial arteries, rather than the bronchial veins.'5 Summary A dye-dilution method devised to estimate the individual outputs of the ventricles has been used to assess the magnitude of the flow through bronchial-pulmonary anastomoses in patients with chronic lung disease. In 10 normal subjects the output of the left ventricle was, on the average, 0.9 per cent larger than the output of the right. In six patients with advanced pulmonary tuberculosis, the average value was 2.9 per cent, and in 11 patients with bronchiectasis 9.3 per cent. One patient, who had had her left main pulmonary artery ligated, exhibited an anastomotic flow of 20 
